EXPRESS MAIL LABEL: E T - ~U170936US 



FERRITIC STAINLESS STEEL SHEET HAVING EXCELLENT DEEP- 
DRAW ABILITY AND BRITTLE RESISTANCE TO SECONDARY PROCESSING 
AND METHOD FOR MAKING THE SAME 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0001] This invention relates to a cold-rolled ferritic stainless steel sheet having excellent deep- 
drawability, brittle resistance to secondary processing, compatibility with overcoating, and corrosion 
resistance suitable for use in outer panels and strengthening members of automobiles and the like. 
The invention also relates to a method for making the cold-rolled ferritic stainless steel sheet. 

2. Description of the Related Art 

[0002] Generally, outer panels and strengthening members of automobiles are made by press-forming 
high tensile strength steel sheets of a 440 Mpa class. Such steel sheets are generally subjected to 
surface treatment, such as plating, before working or to coating treatment after working to improve 
the corrosion resistance. In actual operation, however, when plated steel sheets are worked, they 
suffer from peeling of plated material. Such peeling causes rust to occur, which is a problem. 
Coating treatment after working cannot completely cover the minute details of complicated shapes. 
Rust occurs in the uncoated minute portions, which is a problem. Stainless steel sheets having high 
corrosion resistance are preferably used to prevent generation of rust resulting from insufficient 
plating or coating or the like. Austenitic stainless steel sheets, such as SUS 304, which contain a 
large amount of expensive nickel as a component, are themselves expensive. Hence, the cost is high 
compared with conventional coated steel sheets. In contrast, although ferritic stainless steel sheets 
are relatively inexpensive, they have low workability, e.g. , low press-formability, and improvements 
as to this point are required. 

[0003] In conventional technologies, improvement in workability, i.e., deep-drawability, and more 
specifically, an increase in r-value, of ferritic stainless steel sheets has been achieved by increasing the 
annealing temperature of cold-rolled sheets to promote the development of the { 1 1 1 } recrystallization 
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structure effective for increasing the r-value, thereby increasing the ductility and the r-value. Japanese 
Unexamined Patent Publication No. 9-241738 discloses a technology whereby after carbon and 
nitrogen in the steel are decreased to 100 ppm or less, the remaining carbon and nitrogen are fixed 
as deposits by a carbide/nitride forming element such as Ti or Nb, and boron (B) is added to the steel 
to make ferritic stainless steel sheets having highly balanced ductility and r-value. 
[0004] However, stainless steel sheets must have a higher deep-drawability to be press-formed into 
complicated shapes such as those required by outer panels or strengthening members of automobiles. 
The r-value of the conventional ferritic stainless steels has been 1.8 at most. However, the average 
r-value should be increased to 2.0 or more to be effective. 

[0005] Workability, such as deep-drawability, can be improved by reducing solid-solution carbon and 
nitrogen and by adding boron, as described above. For example, stainless steel is formed into fuel 
tanks or the like. The resulting stainless steel products to which high strain is applied during a 
drawing process suffer from brittle fracture when an external force is applied thereto such as by flying 
stones or collision, for example. This is called brittleness to secondary processing. The brittle 
resistance to secondary processing indicates the brittle resistance to an external force applied to a 
deep-drawn product. This property is of a particular importance in cold climates such as northern 
North America, e.g., Alaska. 

[0006] The deep-drawability, and more specifically the r-value, of ferritic stainless steel sheets has 
been improved by increasing the annealing temperature of the cold-rolled sheets to promote the 
development of the {111} recrystallization structure effective for increasing the r-value and to thereby 
increase the ductility and the r-value, as described above. However, high-temperature annealing 
increases the size of crystal grains of cold-rolled annealed sheets, thereby roughening the surface after 
working and decreasing the brittle resistance to secondary processing. Although Japanese 
Unexamined Patent Publication No. 9-241738, etc., disclose adding boron, as described above, no 
reference is made regarding the brittle resistance to secondary processing. The technology disclosed 
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in Japanese Unexamined Patent Publication No. 9-24 1 73 8 cannot achieve both high deep-drawability, 
i.e., the r-value of 2.0 or more, and high brittle resistance to secondary processing in cold climates, 
e.g., at an ambient temperature of -60°C. 

[0007] No ferritic stainless steel sheets having both excellent deep-drawability and high brittle 
resistance to secondary processing has been developed. These two properties must be simultaneously 
achieved for the ferritic stainless steel sheets to be used as outer panels or strengthening members of 
automobiles or the like. 

[0008] It is accordingly an object of the4nvention to achieve an r-value of 2.0 or more (deep- 
drawability) and a brittle resistance to secondary processing free of longitudinal cracking in a drop 
weight test at a low-temperature of -60 ° C or less simulating the ambient environment of automobiles 
and the like. 

[0009] When components made of ferritic stainless steel are used in coastal areas or districts where 
salt is used to melt snow and ice, the components may suffer from a decrease in brittle resistance to 
secondary processing and in corrosion resistance due to salt, even though the ferritic stainless steels 
generally have superior corrosion resistance. To overcome this problem, the components may be 
provided with a light coating or the like to further enhance the brittle resistance and the corrosion 
resistance and to widen the applicable range of ferritic stainless steels. Thus, it is another object of 
the invention to develop a coated steel which can be suitably used in such conditions. 

SUMMARY OF THE INVENTION 

[0010] This invention provides a ferritic stainless steel sheet having superior deep-drawability and 
brittle resistance to secondary processing and a method for making the ferritic stainless steel sheet. 
We have conducted extensive investigations on the characteristics of ultra-low-carbon-based ferritic 
stainless steel sheets and found that a ferritic stainless steel sheet having high deep-drawability, brittle 
resistance to secondary processing, and corrosion resistance after coating can be manufactured by 
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optimizing the content of boron, niobium, titanium, and vanadium, by controlling the average crystal 
grain size of the steel sheet after finish-annealing and pickling or further after skin-pass rolling to 
about 40 urn or less, and by simultaneously controlling the average surface roughness Ra of the steel 
sheet to about 0.30 um or less. 

[0011] A first aspect of the invention provides a ferritic stainless steel sheet including about 0.01 
percent by mass or less of carbon; about 1 .0 percent by mass or less of silicon; about 1 .5 percent by 
mass or less of manganese; about 1 1 to about 23 percent by mass of chromium; about 0.06 percent 
by mass or less of phosphorous; about 0.03 percent by mass or less of sulfur; about 1 .0 percent by 
mass or less of aluminum; about 0.04 percent by mass or less of nitrogen; about 0.0005 to about 0.01 
percent by mass of boron; about 0.3 percent by mass or less of vanadium; about 0.8 percent by mass 
or less of niobium and/or about 1.0 percent by mass or less of titanium wherein 18 <. Nb/(C + N) + 
2(Ti/(C + N)) <. 60; and the balance being iron and unavoidable impurities. The average crystal grain 
diameter is about 40 um or less and the average surface roughness is about 0.3 um or less. 
[0012] Preferably, the ferritic stainless steel sheet further includes about 0.0007 to about 0.0030 
percent by mass of calcium and/or at least one of about 0. 1 to about 1 .0 percent by mass of copper; 
about 0.05 to about 0.2 percent by mass of cobalt; and about 0.1 to about 2.0 percent by mass of 
nickel, wherein 0.05 < (0.55 x Cu + 0.85 x Co + Ni) < 0.30. 

[0013] The ferritic stainless steel sheet may be provided with a resin coating film having a thickness 
of about 2.0 um or more on a surface thereof. The resin coating film is preferably made of a urethane 
resin or an epoxy resin. 

[0014] A second aspect of the invention provides a method for making a ferritic stainless steel sheet, 
including the steps of hot-rolling a steel slab comprising about 0.0 1 percent by mass or less of carbon; 
about 1 .0 percent by mass or less of silicon; about 1 .5 percent by mass or less of manganese; about 
1 1 to about 23 percent by mass of chromium; about 0.06 percent by mass or less of phosphorous; 
about 0.03 percent by mass or less of sulfur; about 1 .0 percent by mass or less of aluminum; about 



0.04 percent by mass or less of nitrogen; about 0.0005 to about 0.0 1 percent by mass of boron; about 
0.3 percent by mass or less of vanadium; about 0.8 percent by mass or less of niobium and/or about 
1.0 percent by mass or less of titanium wherein 18 £ Nb/(C + N) + 2(Ti/(C + N)) < 60; and the 
balance being iron and unavoidable impurities to make a hot-rolled sheet; annealing the hot-rolled 
sheet to prepare an annealed sheet; cold-rolling the annealed sheet either once or at least two times 
with intermediate annealing to prepare a cold-rolled sheet; and finish-annealing and pickling the cold 
rolled sheet to prepare a pickled steel sheet. The pickled steel sheet contains crystal grains having 
an average crystal grain diameter of about 40 urn or less and has an average surface roughness of 
about 0.3 um or less. 

[00151 hi the above-described method, the steel slab preferably further includes about 0.0007 to 
about 0.0030 percent by mass of calcium and/or at least one of about 0.1 to about 1.0 percent by 
mass of copper; about 0.05 to about 0.2 percent by mass of cobalt; and about 0. 1 to about 2.0 percent 
by mass of nickel, wherein 0.05 < (0.55 * Cu + 0.85 x Co + Ni) < 0.30. 

[0016] Preferably, the method further includes the step of skin-pass rolling the pickled steel sheet. 
More preferably, the method further includes the step of forming a resin coating film having a 
thickness of about 2.0 um on a surface of the ferritic steel sheet. The resin coating film is preferably 
made of one of urethane resins and epoxy resins. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017J Fig- 1 is a graph showing the dependency of the boron content and the average crystal grain 
diameter on the brittleness transition temperature. 

DESCRIPTION OF SELECTED EMBODIMENTS 

[00181 The composition of a ferritic stainless steel sheet of the invention will now be described. 
C: about 0.01 percent by mass or less 
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[0019] Solid-solution carbon in steel decreases elongation and r-value. Preferably, carbon is removed 
as much as possible during the steel making process. The solid-solution carbon is fixed as carbides 
by titanium (Ti) and niobium (Nb), as described below. However, at a carbon content exceeding 
about 0.01 percent by mass, Ti and Nb cannot sufficiently fix carbon and solid-solution carbon 
remains to decrease the r-value and the elongation. Thus, the carbon content is limited to about 0.01 
percent by mass or less. The carbon content is preferably about 0.0020 percent by mass or less, and 
more preferably, about 0.0010 percent by mass or less to increase the r-value and elongation. 

Si: about 1.0 percent by mass or less 
[0020] Silicon (Si) enhances oxidation resistance and corrosion resistance, particularly the corrosion 
resistance in air. Addition of about 0.02 percent by mass or more of silicon is necessary to obtain 
sufficient oxidation and corrosion resistance. However, silicon in an amount exceeding about 1.0 
percent by mass decreases the toughness of the steel and the brittle resistance to secondary processing 
at welds. Thus, the silicon content is limited to about 1.0 percent by mass or less, and more 
preferably, in the range of about 0.1 to about 0.6 percent by mass. 

Mn: about 1.5 percent by mass or less 
[0021] Manganese (Mn) forms manganese sulfide (MnS) and renders sulfur (S) harmless, which 
deteriorates the hot-workability of the steel. Manganese in an amount of less than about 0.05 percent 
by mass cannot sufficiently render sulfur harmless. The effect of manganese is saturated at an amount 
exceeding about 1.5 percent by mass. Moreover, manganese in an amount exceeding about 1.5 
percent by mass decreases elongation due to solid-solution hardening. Thus, the preferable amount 
of manganese is about 1.5 percent by mass or less, and more preferably about 0.25 percent by mass 
or less. 

Cr: about 1 1 to about 23 percent by mass 
[0022] Chromium (Cr) enhances oxidation resistance and corrosion resistance. To achieve sufficient 
oxidation resistance and corrosion resistance, about 1 1 percent by mass or more of chromium must 
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be contained in the steel. In view of obtaining sufficient corrosion resistance of welds, the chromium 
content is preferably about 1 4 percent by mass or more. On the other hand, chromium decreases the 
workability of the steel. Deterioration in workability is significant when chromium is contained in an 
amount exceeding about 23 percent by mass. Thus, the chromium content is limited to the range of 
about 1 1 to about 23 percent by mass, and more preferably, about 14 to about 20 percent by mass. 

P: about 0.06 percent by mass or less 
[0023] Phosphorous (P) tends to segregate in grain boundaries. Thus, when boron is added, 
phosphorous diminishes the grain-boundary-strengthening effect ofboron and deteriorates the brittle 
resistance to secondary processing at the welds. Moreover, phosphorous deteriorates the workability, 
the toughness, and the high-temperature fatigue characteristics of the steel. The content of 
phosphorous is thus preferably as low as possible, i.e., about 0.06 percent by mass or less, and more 
preferably, about 0.03 percent by mass or less. However, the cost of steel production increases if the 
phosphorous content is reduced excessively. 

S: about 0.03 percent by mass or less 
[0024] Sulfur (S) is an impurity that deteriorates formability and decreases the corrosion resistance 
of the steel sheet. The content of sulfur is preferably reduced as much as possible during the steel 
making process. However, as with phosphorous described above, excessive reduction causes an 
increase in the cost of steel production. Considering the balance between the cost and the properties, 
the sulfur content is about 0.03 percent by mass or less, and more preferably, about 0.01 percent by 
mass or less. At a content of about 0.01 percent by mass or less, sulfur can be fixed by Mn or Ti. 

Al: about 1 .0 percent by mass or less 
[0025] Aluminum (Al) must be contained in the steel in an amount of about 0.001 percent by mass 
or more as a deoxidizer during steel making. However, aluminum in an amount exceeding about 1 .0 
percent by mass decreases the elongation due to solid-solution hardening. Moreover, excess 
aluminum generates inclusions that deteriorates the cosmetic appearance and deteriorates the 



corrosion resistance. Thus, the aluminum content is limited to about 1.0 percent by mass or less, 
more preferably in the range of about 0.00 1 to about 0.6 percent by mass, and most preferably, in the 
range of about 0.01 to about 0.2 percent by mass. 

N: about 0.04 percent by mass or less 
[0026] Nitrogen (N) is an impurity and titanium (Ti) forms titanum nitride(TiN) and renders nitrogen 
harmless. Nitrogen in an amount exceeding about 0.04 percent by mass requires a large amount of 
additive titanium and the ductility of the resulting steel sheet deteriorates due to the precipitation 
hardening of TiN. Although nitrogen improves the toughness and strengthens grain boundaries, 
excess nitrogen precipitates in the grain boundaries as nitrides and deteriorates the corrosion 
resistance. Thus, the nitrogen content is limited to about 0.04 percent by mass or less. The nitrogen 
content is preferably about 0.002 percent by mass or less to further improve formability. 

B: about 0.0005 to about 0.01 percent by mass 
[0027] Boron (B) segregating in grain boundaries increases the grain boundary strength and enhances 
the brittle resistance to secondary processing. Moreover, boron forms boron nitride (BN) which 
prevents the precipitation of TiN which deteriorates the toughness of the resulting steel. Boron must 
be contained in an amount of 0.0005 percent by mass or more to sufficiently obtain these effects. 
Since excess boron deteriorates the hot- workability of the steel, the boron content is limited to about 
0.01 percent by mass or less. 

V: about 0.3 percent by mass or less 
[0028] Vanadium (V) is an important element in the invention. Vanadium stabilizes carbon and 
nitrogen, but in the invention, a portion of titanium is replaced with vanadium and vanadium is added 
in combination with boron to the steel to improve toughness. About 0.01 percent by mass or more 
of vanadium is required to achieve the improvement in toughness. The upper limit is about 0.3 
percent by mass since excess vanadium deteriorates workability due to hardening. 

Nb: about 0.8 percent by mass or less; Ti: about 1 .0 percent by mass or less; and 1 8 < Nb/(C 
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+ N) + 2(Ti/(C + N))<;60 
[0029] Niobium (Nb) and titanium (Ti) fix solid-solution carbon, nitride, and the like by forming 
carbides or nitrides and thus enhance corrosion resistance and deep-drawability (the r-value). 
Niobium and titanium may be used alone or in combination. Titanium forms precipitants with 
impurities such as carbon, nitride, sulfur, and phosphorous to render these contaminants harmless. 
Niobium joins with carbon, i.e., an impurity of steel, to form niobium carbide (NbC). Niobium 
carbide decreases the grain size of the hot-rolled sheet, increases the r-value, prevents the growth of 
the crystal grains during finish annealing, and improves the brittle resistance to secondary processing 
by achieving a fine structure. The concentration of solid solution carbon is critical to adequately 
produce niobium carbide. As described below, niobium can exert a stronger effect when suitably used 
in combination with titanium. 

[0030] The desired effects of niobium and titanium cannot sufficiently be obtained at an amount of 
less than about 0.01 percent by mass. They are preferably contained in the steel in an amount of 
about 0.01 percent by mass or more. Niobium in an amount exceeding about 0.8 percent by mass 
deteriorates the toughness. Titanium in an amount exceeding about 1 .0 percent by mass decreases 
the toughness, and scratches on the cold rolled sheet caused by TiN become significant. Thus, the 
niobium content is about 0.8 percent by mass or less, and the titanium content is about 1.0 percent 
by mass or less. 

[0031] The alloy design must satisfy the relationship 18 < Nb/(C + N) + 2(Ti/(C + N)) <> 60 to fix 
carbon and nitrogen in the steel as carbides and nitrides and obtain a higher workability. Each of the 
C content, N content, Nb content, and Ti content is limited as above because at Nb/(C + N) + 2(Ti/(C 
+ N)) of less than 18, carbon and nitrogen in the steel cannot sufficiently be fixed as carbides and 
nitrides and the workability and the corrosion resistance are significantly deteriorated. The 
precipitants of carbides and nitrides increase to deteriorate workability at Nb/(C + N) + 2(Ti/(C + N)) 
exceeding 60. The relationship (Ti + V)/(C + N) = 5 to 50 is preferably satisfied in addition to 
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satisfying the above-described content ranges of titanium and vanadium to sufficiently fix carbon and 
nitrogen. 

[0032] In addition to the components described above, the steel sheet of the invention may contain 
the components described below where required. 

At least one of about 0. 1 to about 1 .0 percent by mass of Cu, about 0.05 to about 0.2 percent 

by mass of Co, and about 0. 1 to about 2.0 percent by mass of Ni, wherein 0.05 < (0.55 x Cu 

+ 0.85 x Co + Ni)< 0.30 
[0033] Copper (Cu), cobalt (Co), and nickel (Ni) improve the corrosion resistance, low-temperature 
toughness, and brittle resistance to secondary processing of the stainless steel. The stainless steel 
preferably includes at least one of about 0. 1 to about 1 .0 percent by mass of Cu, about 0.05 to about 
0.2 percent by mass of Co, and about 0.1 to about 2.0 percent by mass of Ni, while satisfying the 
relationship 0.05 < (0.55 x Cu + 0.85 x Co + Ni) < 0.30. These elements show little effect when they 
are contained in amounts less than the ranges described above. These elements, if contained in 
amounts exceeding the above ranges, harden the steel and generate the austenitic phase which may 
cause stress corrosion cracking. 

Ca: about 0.0007 to about 0.0030 percent by mass 
[0034] A trace amount of calcium (Ca) effectively prevents clogging of immersion nozzles which 
readily occurs due to titanium inclusions during continuous casting of titanium-containing steel. The 
amount of the calcium must be at least about 0.0007 percent by mass to prevent clogging. Calcium 
in an amount exceeding about 0.0030 percent by mass dramatically deteriorates the corrosion 
resistance. A more preferable range of the calcium content is about 0.0010 to about 0.0015 percent 
by mass. 

[0035] The balance of the steel is iron (Fe) and unavoidable impurities. The stainless steel may 
include about 0.5 percent by mass or less of zirconium (Zr), about 0.3 percent by mass or less of 
tantalum (Ta), about 0.3 percent by mass or less of tungsten (W), about 0.3 percent by mass or less 
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of tin (Sn), and about 0.005 percent by mass of magnesium (Mg), if necessary, since these elements 
in such amounts do not significantly affect the characteristics of the stainless steel of the invention. 
[0036] The characteristics of the ferritic stainless steel sheet after finish-annealing and pickling or 
after finish-annealing, pickling, and skin-pass rolling will now be described. 

a. Average crystal grain diameter: about 40 jxm or less 

[0037] The average crystal grain diameter and the average surface roughness of the cold-rolled steel 
sheet have a large effect on the brittle resistance to secondary processing and the surface roughness 
after working. Preferably, the average crystal grain diameter is as small as possible, and the average 
surface roughness is as low as possible. A large average crystal grain diameter of the cold rolled 
sheet after finish-rolling and pickling or after finish-rolling, pickling, and skin-pass rolling causes the 
surface of a deep-drawn product to exhibit significant irregularities and thus a decrease in the brittle 
resistance to secondary processing. Moreover, surface roughening called "orange peel" is observed 
at the surface of the worked product, thereby impairing the cosmetic appearance. This problem is 
particularly acute at an average crystal grain diameter exceeding about 40 jam. Thus, the average 
crystal grain diameter is about 40 |im or less, and preferably, about 35 jxm or less. Although the 
characteristics such as resistance to secondary processing improve as the average crystal grain 
diameter becomes smaller, the manufacturing load, particularly the load during the hot-rolling 
process, for obtaining fine grains is heavy. Thus, the lower limit of the average crystal grain diameter 
is about 5 jxm. 

b. The average surface roughness Ra: about 0.3 \xm or less 

[0038] The average surface roughness Ra is a foremost important characteristic in the invention. The 
average surface roughness Ra after cold-roll finish annealing and pickling or after cold-roll finish 
annealing, pickling, and skin-pass rolling has a large effect on the brittle resistance to secondary 
processing of the worked product, as does the average crystal grain diameter of the cold rolled sheet. 
Even when the average crystal grain diameter is adjusted to about 40 [im or less, the brittle resistance 
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to secondary processing is deteriorated at an average surface roughness Ra exceeding about 0.3 \xm. 
Thus, the upper limit of the average surface roughness Ra is about 0.3 ^im. The average surface 
roughness Ra also affects the adhesion of the coating film. The adhesion of the coating film is 
improved at an average surface roughness Ra of about 0.05 ^m or more. Moreover, the average 
surface roughness Ra significantly affects the deep-drawability of the steel sheet. An average surface 
roughness Ra less than about 0.05 \im increases the contact resistance, i.e., the friction resistance, 
between the mold and the steel sheet, thereby deteriorating the deep-drawability. This is because an 
excessively smooth surface of the steel sheets cannot sufficiently hold lubricating oil, but increases 
the contact area with the mold, thereby resulting in an increase in friction resistance and deterioration 
in deep-drawability. The average surface roughness Ra is preferably in the range of about 0.05 to 
about 0.3 jam to balance these characteristics. 

[0039] The average surface roughness Ra is preferably adjusted by controlling the roll roughness and 
the reduction rate during the final cold rolling or during the skin-pass rolling performed after finish 
annealing and pickling. The surface roughness may also be adjusted by controlling the conditions of 
pickling performed after finish annealing, such as acid concentration, temperature, and pickling time. 

c. Thickness of the resin coating film: about 2 \im or more 
[0040] The steel sheet of the invention exhibits superior corrosion resistance after being provided 
with resin coating. The thickness of the resin coating needs to be at least about 2 ^m to stably 
provide sufficient corrosion resistance. Thinning of the steel sheet due to rust and corrosion becomes 
significant at a thickness less than about 2 ^im. The resin coating may be applied by any known 
coating method including spraying coating, brush coating, powder coating, cationic electrodeposition 
coating, or the like. Since the steel sheet of the invention has a superior corrosion resistance to that 
of ordinary steel, a sufficient corrosion resistance can be obtained with a thin coating film given that 
a sufficient adhesion between the resin coating film and steel sheet is provided. The upper limit of 
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the film thickness is about 50 \im. With a coating film having a thickness exceeding about 50 jim, 
the rust resistance becomes saturated and work efficiency, such as time for drying the applied coat, 
is deteriorated. The thickness of the coating film is preferably about 50 \im or less. 
[0041] The cold-rolled steel sheet of the invention is made through the steps of steel making, hot 
rolling (slab heating, rough rolling, and finish rolling), hot-sheet annealing, pickling, cold rolling, 
finish annealing, pickling, and, if necessary, skin-pass rolling. The manufacturing conditions of each 
of these steps will be described below. 

(1) Slab heating 

[0042] When the temperature during slab heating is low, hot rough rolling under predetermined 
conditions becomes difficult. On the other hand, when the heating temperature is excessively high, 
the texture of the hot-rolled sheet becomes uneven in the sheet thickness direction. Moreover, 
Ti 4 C 2 S 2 deposits melt and the amount of the solid solution carbon in the steel sheet before final cold- 
rolling increases, resulting in a decrease in r-value. Thus, the slab heating temperature is preferably 
in the range of about 1,000 to about 1,200°C, and more preferably, about 1,050 to about 1,200°C. 

(2) Hot rough rolling 

[0043] Hot rough rolling, hereinafter simply referred to as "rough rolling", is performed at about 850 
to about 1,100°C at a reduction rate of about 35% or more for at least one pass. If the rolling 
temperature during rough rolling is below about 850°C, recrystallization is inhibited and a coarse 
(100) colony resulting from the columnar structure of the slab remains. Thus, the workability after 
finish annealing is deteriorated and the load applied on the rolls becomes larger and shortens the 
lifetime of the rolls. At a temperature exceeding about 1,100°C, the ferrite crystal grains become 
coarse, the grain boundary area, i.e., the { 1 1 1 } nuclei generation site, decreases, and the r-value of 
the steel sheet after finish annealing decreases. Accordingly, the rolling temperature during rough 
rolling is in the range of about 850 to about 1100°C, and more preferably about 900 to about 
1,050°C 
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[0044] During rough rolling, at least one pass is performed at a reduction rate of about 3 5% or more. 
At reduction rate below about 35%, a banded unrecrystallized structure remains in a large amount 
at the center portion of the steel sheet in the sheet thickness direction, thereby deteriorating the deep- 
drawability. When the reduction rate for each pass during rough rolling exceeds about 60%, seizure 
occurs between the roll and the steel sheet and the roll may not properly bite the steel sheet. Thus,, 
the reduction rate of at least one pass is preferably in the range of about 35 to about 60%. 
[0045] A steel having a low high-temperature strength, for example, a steel having a high- 
temperature strength (TS) of about 20 MPa or less at 1,000°C measured according to Japanese 
Industrial Standard (US) G 0567, suffers from strong shear strain at the steel sheet surface during 
rough rolling. As a result, the unrecrystallized structure remains at the center portion in the sheet 
thickness direction and seizure may occur between the roll and the steel sheet. In such a case, 
lubricating treatment may be performed to reduce the friction coefficient to about 0.3 or less. 
[0046] The rough rolling step satisfying the above-described rolling temperature conditions and the 
reduction condition is performed for at least one pass to improve the deep-drawability. This at least 
one pass may be performed at any pass. However, such rough rolling is preferably performed at the 
last pass from the point of view of the performance of the rolling machine. 
(3) Hot finish rolling 

[0047] Hot finish rolling following the rough rolling, hereinafter simply referred to as "finish rolling", 
is preferably performed at a rolling temperature of about 650 to about 900°C at a reduction rate of 
about 20 to about 40% for at least one pass. At a rolling temperature below about 650 °C, the 
reduction rate of about 20% or more is difficult to achieve since the deformation resistance increases. 
Moreover, the roller pressure also increases. On the other hand, at a rolling temperature exceeding 
about 900 °C, the accumulation of the rolling strain is small, and so is the effect of improving the 
deep-drawability in the subsequent steps. Thus, the finish-rolling temperature is in the range of about 
650 to about 900°C, and more preferably, about 700 to about 800°C. 
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[0048] At a reduction rate less than about 20% at about 650 to about 900 °C during finish rolling, 
a (100)//ND colony, i.e., the (100) colony parallel to the normal direction with respect to the steel 
sheet surface, and (1 10)//ND colony, the (110) colony parallel to the normal direction with respect 
to the steel sheet surface, (Yokota et al., Kawasaki Steel Giho, 30 (1998) 2, p. 1 15) which decrease 
the r- value and cause ridging remain over significantly large areas. A reduction rate exceeding about 
40% causes biting failures and shape defects in the steel sheets, resulting in deterioration of the 
surface characteristics of the steel. Thus, during finish rolling, rolling at a reduction rate of about 20 
to about 40% is preferably performed for at least one pass. More preferably, the reduction rate is in 
the range of about 25 to about 35%. 

[0049] Deep-drawability can be improved by performing at least one pass of finish rolling that 
satisfies the above described rolling temperature conditions and the reduction rate conditions. This 
at least one pass may be performed at any pass. However, from the point of view of the performance 
of the rolling machine, it is preferably performed at the last pass. 
(4) Hot-rolled-sheet annealing 

[0050] Hot-rolled-sheet annealing at a temperature below about 800 °C results in insufficient 
recrystallization which decreases the r-value of the resulting cold-rolled steel sheet and allows the 
banded structure to remain in the steel. As a result, significant ridging occurs in the resulting finish 
annealed sheet. At an annealing temperature exceeding about 1 , 1 00 ° C, the structure becomes coarse, 
resulting in the surface roughening after working, a decrease in the forming limit, and deterioration 
of the corrosion resistance. Moreover, since carbides that fix solid solution carbon melt again, the 
amount of the solid solution carbon in the steel increases, thereby inhibiting the formation of the 
desirable {111} recrystallization structure. Thus, the hot-rolled-sheet annealing is preferably 
performed at a temperature in the range of about 800 to about 1, 100°C , and more preferably, in the 
range of about 800 to about 1,050°C. 

[0051] Note that when a single-stage cold rolling method is employed during the cold rolling process, 
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the hot-rolled-sheet annealing becomes the annealing process before the final cold rolling. Thus, the 
annealing temperature is preferably in the low-temperature side of the above-described temperature 
range to reduce the amount of solid solution carbon and decrease the crystal grain diameter. 
(5) Cold rolling 

[0052] Either one of a single-stage cold rolling method and a multi-stage cold rolling method with 
intermediate annealing between cold rolling may be employed. The total reduction rate is about 75% 
or more in both single-stage cold rolling method and the multi-step cold rolling method. In a multi- 
stage cold rolling process, the total reduction rate need only be achieved over two or more rolling 
stages. Preferably, the reduction ratio indicated by (reduction rate during first cold rolling)/(reduction 
rate during final cold rolling) is in the range of about 0.7 to about 1 .3. An increase in total reduction 
rate increases the concentration of the { 1 1 1 } recrystallization structure in the finish-annealed sheet 
and thus increases the r-value. To achieve a high r-value of about 2.0 or more or about 2.2 or more, 
the total reduction rate must be at least about 75%, and is preferably at least about 80%, but less than 
about 90%. It is also important to adjust the ferrite crystal grain diameter substantially immediately 
before final cold rolling to about 40 ^m or less. 

[0053] The diameter of the roll and direction of rolling during cold rolling are preferably adjusted to 
reduce the shear deformation at the surface of the rolled sheet, to increase the (222)/(200) ratio, and 
to effectively increase the r-value. A unidirectional tandem rolling with a roll diameter of about 400 
mm or more is preferred over a reversing rolling with a roll diameter of about 1 00 to about 200 mm. 
This is because a unidirectional tandem rolling with a roll diameter of about 400mm or more is 
effective for reducing the shear deformation at the surface and for increasing the concentration of the 
{111} recrystallization structure and the r-value. 

[0054] A high r-value can be stably obtained by increasing the linear pressure, i.e., the rolling 
pressure/sheet width, to uniformly apply strain in the sheet thickness direction. The linear pressure 
is preferably at least about 3.5 MN/m. To obtain such a linear pressure, either one or a combination 
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of decreasing the hot rolling temperature, forming high alloys, and increasing the hot rolling speed 
may be suitably employed. 

[0055] The average surface roughness Ra (Japanese Industrial Standard B 0601) of the rolls of the 
final cold-rolling machine is preferably about 0.0 1 to about 1 0 jxm, and the reduction rate is preferably 
about 0.05 to about 10% to reduce the average surface roughness Ra after finish annealing and 
pickling to about 0.3 ^im or less. 

(6) Intermediate annealing 

[0056] Intermediate annealing at a temperature below about 740 °C results in insufficient 
recrystallization and a decrease in r-value. Moreover, significant ridging occurs due to the banded 
structure. Intermediate annealing at a temperature exceeding about 940 ° C results in coarse structures 
and causes carbides to return to solid solution carbon. Since the amount of solid solution carbon in 
the steel is increased, the preferable {111} recrystallization structure which improves the deep- 
drawability is inhibited from being formed. 

[0057] In a multi-stage cold rolling, intermediate annealing is important for ensuring formation of fine 
crystal grains of about 40 jam or less, high r- values, and reduction of solid solution carbon before final 
cold rolling. The intermediate annealing temperature is preferably the lowest temperature that can 
achieve an average crystal grain diameter before final cold-rolling of about 40 ^m or less and 
eliminate the unrecrystallized structure. Thus, the intermediate annealing temperature should be in 
the range of about 740 to about 940 °C. The intermediate annealing temperature is preferably about 
50 °C or more lower than the hot-rolled-sheet annealing temperature. The same applies when cold 
rolling is performed three times or more to roll a thick hot-rolled sheet. The intermediate annealing 
temperature should also be in the range of about 740 to about 940 °C in such a case. 

(7) Finish annealing 

[0058] The {111} recrystallization structure can be selectively developed and higher r-values can be 
obtained at high finish-annealing temperatures. A finish-annealing temperature of less than about 
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800 0 C cannot provide a crystal orientation effective for improving the r- value and cannot achieve an 
average r-value of about 2.0 or more. Furthermore, at such a temperature, the banded 
unrecrystallized structure remains at the center of the steel sheet in the sheet thickness direction and 
deteriorates the deep-drawability and the ridging resistance of the steel sheet. Although the r-value 
increases at high temperatures, an excessively high annealing temperature increases the crystal grain 
diameter of the cold-rolled annealed sheet to about 40 or more, thereby deteriorating the brittle 
resistance to secondary processing. Moreover, surface roughening, which causes deterioration in the 
forming limit and in corrosion resistance, occurs after working. A higher finish annealing temperature 
is preferred so that an average crystal grain diameter of about 40 |im or less is ensured. The steel 
sheet of the invention is preferably finish-annealed at a temperature in the range of about 700 to about 
1,000°C , and more preferably about 850 to about 980°C to balance the r-value and the brittle 
resistance to secondary processing. 
(8) Pickling 

[0059] The cold rolled sheet is pickled to remove the scale and the Cr-removing layer on the surface 
of the steel sheet subsequent to finish annealing. Pickling is performed by a combination of neutral 
salt electrolytic pickling, nitric-hydrofluoric mixed acid pickling, and nitric acid electrolysis. During 
the process, acid concentration, immersion time, acid temperature, and the like affect the acid- 
washability, i.e., the scale-removing property, and change the surface roughness resulting from the 
preceding cold rolling process. Accordingly, controlling the roughness of the cold-rolled sheet and 
optimizing the pickling conditions are necessary, particularly when a 2D-finished steel sheet product, 
i.e., a steel sheet product which has been annealed and pickled after cold rolling but not subjected to 
skin-pass rolling, is being manufactured. Insufficient pickling allows the scale to remain on the 
surface, but excessive pickling mainly erodes grain boundaries, resulting in surface roughening or the 
like, which is a problem. The surface roughness during pickling is adjusted by controlling the pickling 
time, i.e., the traveling speed. The preferable neutral salt electrolytic pickling conditions are as 
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follows. Acid: N^SC^; acid concentration: about 30 to about 100 g/1; acid temperature: about 60 
to about 90 °C; and pickling time: about 5 to about 60 seconds. The preferable nitric-hydrofluoric 
mixed acid pickling conditions are as follows. Acid: HF + HN0 3 ; acid concentration: about 5 to 
about 20 g/1; acid temperature: about 50 to about 70°C; and pickling time: about 5 to about 60 
seconds. The preferable nitric acid electrolysis conditions are as follows. Acid: HN0 3 ; acid 
concentration: about 50 to about 200 g/1; acid temperature: about 50 to about 70°C; and pickling 
time: about 5 to about 60 seconds. 

(9) Skin-pass rolling (SK) 

[0060] Skin-pass rolling corrects the shape of the cold-rolled annealed sheet and adjusts the 
roughness of the surface. The average surface roughness can be adjusted by controlling the average 
surface roughness Ra of the skin-pass rolls according to Japanese Industrial Standard (JIS) B 0601 
within the range of about 0.05 to aboutl Jim and controlling the reduction within the range of about 
0.05% to approximately about 1 0%. The brittle resistance to secondary processing can be improved 
at an average surface roughness Ra of about 0.3 jum or less. However, an average surface roughness 
Ra of about 0.05 fxm or less causes an increase in the contact resistance between the mold and the 
steel sheet surface and thus deteriorates the deep-drawability. Moreover, the sheet surface exhibits 
a high adhesion to an overcoating film when the surface has a suitable degree of roughness since the 
contact area between the coating and the steel sheet surface is increased. 

(10) Overcoating 

[0061] In actual environment, stainless steels must have high corrosion resistance particularly at 
crevices, welds, and portions where different metals come into contact. A steel material is selected 
based on the required corrosion resistance of these portions. Therefore, the remaining portions are 
provided with excessively high corrosion resistance. However, by applying an overcoat to part or 
all of the steel sheet to provide high corrosion resistance to the crevices, welds, and portions where 
different metals come into contact, a stainless steel material having a low alloying element content 
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can be used instead. 

[0062] A film of a room-temperature setting type or a thermosetting type is preferred in the 
invention. An overcoating film is made by applying a mixture of a resin, a pigment, and a solvent on 
the steel sheet and leaving the applied coat to stand in room temperature or heating the applied coat 
if necessary to dry the applied coat. A hard overcoating film containing a resin and a pigment is thus 
obtained. The resin is selected from urethane resins, epoxy resins, fluorocarbon resins, acrylic resins, 
and silicone resins. The pigment is added to improve the dispersibility of the resin and physical 
properties of the film and to control drying and hardening of the film. The pigment comprises a 
drying agent, a hardener, a plasticizer, an emulsifier, a metal powder selected from zinc, aluminum, 
stainless steel, and the like for preventing rust, and a color pigment. The solvent is a diluent, such 
as a thinner, containing an organic solvent. 

[0063] The resin coating may be applied by a known coating method such as spraying coating, 
powder coating, cationic electrodeposition coating, or the like. In electrodeposition coating, an 
excellent overcoating film can be obtained by chemically converting an alkaline-degreased steel sheet 
and then performing cationic electrodeposition coating. 

[0064] A silicone resin, an acrylic resin, or the like, if used in the resin coating film, improves not only 
the corrosion resistance but also the workability since it decreases the friction coefficient of the steel 
sheet surface. 

[0065] The above-described steel sheet of the invention can be welded by any common welding 
method. Examples of such methods include but are not limited to electric arc welding such as 
tungsten inert gas (TIG) welding and metal inert gas (MIG) welding, resistance welding such as seam 
welding, and laser welding. 
EXAMPLES 
EXAMPLE 1 

[0066] Steels Al to A26 having compositions shown in Table 1 were processed into steel slabs by 
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continuous casting. The resulting slabs were heated again to 1,150°C and rough-rolled at 950 to 
1,100°C. In rough rolling, at least one pass was performed at a reduction rate of 40-60%. Each 
rough-rolled slab was finish-rolled at a rolling temperature ranging from 750 to 900 °C by a 7-stand 
rolling mill, at least one pass of which was performed at a reduction rate of 20 to 40%. After hot 
rolling, the sheet was cooled at an average cooling rate of 30 °C/min and coiled to obtain a hot-rolled 
steel sheet having a sheet thickness of 5.0 mm. The hot rolled steel sheet was then annealed at 890 
to 950 °C, pickled, and cold-rolled once to a thickness of 0.8 mm (the total reduction rate: 84%). In 
cold rolling, the roll roughness was 0.05 to 1.0 ^m and a unidirectional tandem rolling mill having 
a roll diameter of 400 mm or more was used. The linear pressure was at least 3.5 MN/m. After cold 
rolling, finish annealing was performed at 880 to 960°C for 30 seconds. The finish annealed sheet 
was subjected to neutral salt electrolysis (acid: Na^O^ acid concentration: 30 to 100 g/1; acid 
temperature: 60 to 90°C; pickling time: 5 to 60 seconds). Subsequently, the sheet was pickled with 
a mixed acid (acid: HF + HN0 3 ; acid concentration 5 to 20 g/1; acid temperature 50 to 70 °C; pickling 
time 5 to 60 seconds) and then by nitric acid immersion (acid: HN0 3 ; acid concentration 50 to 200 
g/1; acid temperature: 50 to 70 °C; pickling time: 5 to 60 seconds). The resulting sheet was subjected 
to skin-pass rolling with skin-pass rolls having a roll roughness of 0.04 to 0. 1 5 fim at a reduction rate 
of 0.5%. Three specimens from each steel were sampled from the center region in the width direction 
10 m from the tip of the steel sheet coil and subjected to tensile testing. The average r value, 
brittleness transition temperature, average crystal grain diameter, and average surface roughness of 
the specimens were measured. Part of steels A4, A 16, and A26 was chemically converted with 
Surfdine SD2500MZL (manufactured by Nippon Paint Co., Ltd.) solution and provided with coating 
of various thicknesses by cationic electrolysis with Powertop V-20 (epoxy resin coating material, 
manufactured by Nippon Paint Co., Ltd.) to test the adhesion of the coating film and the corrosion 
resistance after coating. 
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[0067] Each of the above-described properties was examined according to the following procedures. 

( 1 ) Tensile characteristics 

[0068] Tensile strength (TS) and elongation (El.) were measured according to Japanese Industrial 
Standard (JIS) Z 2241 with JIS 13B test pieces for tensile testing. Regarding the r- value, three JIS 
1 3B test pieces were sampled parallel to the rolling direction (L), at 45 degrees in the rolling direction 
(D), and perpendicular to the rolling direction (C), respectively, and 15% uniaxial tensile prestrain 
was applied thereto to obtain r- values r u r D , and r c in these directions. The average r- value was then 
determined by the formula: 

Average r- value = (r L + 2r D + r c )/4 

(2) Average crystal grain diameter 

[0069] The ferrite crystal grain diameter numbers in a cross-section of the resulting finish annealed 
sheet taken in the rolling direction (L) at positions corresponding to 1/2, 1/4, and 1/6 of the sheet 
thickness were determined according to JIS G 0552 (cutting method). To indicate the diameter in 
terms of \im, subsequently, crystal grains were approximated into circles based on n (the number of 
crystal grains in a 1.0 mm 2 cross-section) calculated according to JIS G 0552. Crystal grain radius 
r was determined from n x r 2 x n (circular constant: 3.14) = 1.0 mm 2 and the crystal grain diameter 
(2r) was calculated. For example, when the crystal grain diameter number is 6.0, n is 512, the 
average cross-sectional area of the crystal grain is 0.00 1 95 mm 2 , and the crystal grain diameter based 
on the circular approximation is 49.8 jxm. 

(3) Average surface roughness Ra 

[0070] The average surface roughness Ra of the steel sheet was adjusted by controlling the average 
surface roughness Ra of the rolls and the reduction ratio during final cold rolling or skin-pass rolling 
following finish annealing. The average surface roughness Ra of the rolls was varied within the range 
of 0.001 to 1.0 jam. The reduction rate was varied within the range of 0.5 to 3%. The average 
roughness of the steel sheet surface was measured according to JIS B 0601 . The surface roughness 
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of the steel sheet was measured at 5 points in a direction perpendicular to the rolling direction by a 
contact method, and the average value thereof was calculated. 

(4) Brittleness transition temperature 

[0071] The transition temperature is the temperature at which the fracture behavior shifts from ductile 
fracture to brittle fracture. The transition temperature is one of the references for evaluating the 
brittleness resistance of the steel sheet to secondary processing and was measured as follows. A test 
piece having a diameter of 50 mm was punched out from each finish annealed sheet 0.8 mm in 
thickness. The specimen was drawn into a cup 24.4 mm in diameter with double greasing according 
to a conical cup test (blank diameter: 50 mm; punch diameter: 17.46 mm; die shoulder R: 4.0 mm; 
die hole diameter: 19.95 mm; die opening angle: 60°; lubricating oil (machine oil JIS K 2238, ISO 
VC46, Idemitsu Diana Fresia U46) after degreasing). The concave portions of the flange were 
marked, and the cup was cut to have a height of 21 mm. After the cup was maintained at a 
predetermined testing temperature, they were placed with the marked concave portions upward. A 
4.0 kg cylindrical weight was dropped thereto from a height of 80 cm to examine whether 
longitudinal cracks were generated. The testing temperature was varied from +80° to -80°, and the 
temperature which generated longitudinal cracks was determined to be the transition temperature. 
Three test pieces were taken from each steel and the brittle resistance to secondary processing was 
assumed to be excellent when all of the three pieces had a transition temperature of -60° or less. 

(5) Compatibility with overcoating film 

[0072] The compatibility with an overcoating film, i.e., the adhesion to the overcoating film, and the 
corrosion resistance of the resin coating film were evaluated. A test piece with a resin coating film 
thereon was inscribed by a cutter knife to form a 40 mm x 40 mm incised checker-board pattern 
having a line interval of 5 mm. The scribed test piece was subjected to a salt spray test for 200 hours 
with 3.5% NaCl solution (30°C) to evaluate secondary adhesion and rust resistance. In evaluation, 
grade A (excellent) indicates that neither peeling nor rust was observed; grade B (good) indicates that 



o o 

no peeling but minute rust was observed; grade C (fair) indicates that minute peeling and rust were 
observed; and grade D (poor) indicates that peeling and rust were observed. In actual application, 
grade B or above is required. 

(6) Thickness of overcoating film 

[0073] As for the coated steel sheet products, samples were cut out from any desired five points of 
the steel sheet. The cross-section taken in the rolling direction was buried in a resin and the thickness 
measured at a x50 to x200 magnification. The thickness of each sample was defined as an average 
value of the thicknesses taken at six points in the sample. As for the steel sheet samples subjected 
to coil coating, a board having a width of 300 mm was cut out from the center of the sheet in the 
sheet width direction 3 m from the tip of the coil. A 2 cm x 2 cm test piece was cut out from the 
board from five random positions, and the thickness of the film in the cross-section taken along the 
rolling direction was measured at six positions. The results were averaged and the average thickness 
was defined as the thickness of the overcoating film. 

(7) Corrosion resistance 

[0074] The coated steel sheet was exposed to 3 .5% NaCl solution spray (30 °C) for 200 hours (salt- 
spray test) to conduct a cross-cut adhesion test and examine occurrence of rust. The samples were 
visually compared. A salt wet-dry alternate cyclic corrosion test was performed to evaluate 
perforation corrosion resistance. The test conditions were as follows. CCT: 35 °C; 5% NaCl salt 
spray * 0.5 hour - 60°C dry x l hour - 40°C wet atmosphere (relative humidity ;> 95%) * 1 hour. 
After 30 cycles, the maximum corrosion depth in the steel sheet was evaluated. The maximum 
corrosion depth was measured at 10 positions and the results were averaged. A steel sheet having 
an average maximum corrosion depth of less than 3 was designated as excellent. A steel sheet 
having an average maximum corrosion depth of 3 to 5 urn was designated as good. A steel sheet 
having an average maximum corrosion depth exceeding 5 ^m was designated as poor. 
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[0075] Table 2 shows the tensile characteristics, i.e., tensile strength (TS) and elongation (El), the 
average crystal grain diameter, the average r-value, the average surface roughness Ra, and the 
brittleness transition temperature of each of steels Al to A26. The steels containing less solid 
solution carbon and nitrogen and adequate amounts of Ti, Nb, and B satisfying the composition 
ranges of the invention all showed high r-values, i.e., average r-values of 2.0 or more. Moreover, 
they exhibited superior brittle resistance to secondary processing, i.e., brittleness transition 
temperatures of -60 °C or less, as a result of optimizing the average crystal grain diameter and the 
average surface roughness. The steels outside the composition ranges of the invention did not satisfy 
the required average r-values and transition temperatures although the average crystal grain diameter 
and the average surface roughness were within the ranges of the invention. 
[0076] The average crystal grain diameter of steel A4 of the invention was varied from 17 to 100 
Jim by mainly adjusting the finish annealing conditions after final cold rolling, and the average surface 
roughness Ra of the steel sheet was varied from 0.03 to 1 .2 1 jam by changing the average roll surface 
roughness Ra from 0.1 to 1.0 p,m to determine the tensile characteristics, the average crystal grain 
diameter, the average r-value, the average surface roughness Ra, and the brittleness transition 
temperature of steel A4. The results are shown in Table 3. The results demonstrate that although 
the average r-value is still satisfactory at ail average crystal grain diameter exceeding 40 or at an 
average surface roughness exceeding 0.3 pm, the brittleness transition temperature exceeds -60 °C, 
resulting in a deterioration in brittle resistance to secondary processing. 
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[0077] The compatibility with an overcoating, i.e., secondary adhesion and rust resistance, and the 
perforation corrosion resistance of steels A4 and A 1 6 of the invention and steel A26 of a comparative 
example after coating were examined. The results are shown in Table 4. Table 4 shows that an 
average surface roughness Ra exceeding 0.3 um deteriorated the adhesion of the coating and 
increased the brittleness transition temperature. The coating film thickness needs to be about 2.0 um 
or more for the steel of the invention to obtain satisfactory corrosion resistance. This thickness is one 
fifth or less of the thickness of common steels, i.e., approximately 10 um or more. The steels of the 
invention exhibited superior characteristics regarding corrosion resistance of the coating. Table 4 also 
demonstrates that an average surface roughness of 0.05 um or more is required to ensure a further 
superior compatibility with overcoating. 
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EXAMPLE 2 

[0078] Steel slabs of steels A4, A5, and A10 having different boron contents, as shown in Table 1, 
were hot rolled under the same conditions as steels A4, A5, and Al 0 in EXAMPLE 1 except for the 
finish annealing temperature. After hot-rolled sheet was annealed and pickled, it was cold-rolled to 
a thickness of 0.8 mm. Subsequently, cold-rolled sheets were finish-annealed at various temperatures 
in the range of 840 to 990 °C to fabricate hot-rolled annealed sheets having various average crystal 
grain diameter ranging from 10 to 100 urn. The sheets were pickled and subjected to skin-pass 
rolling under the same conditions as steels A4, A5, and A10 in EXAMPLE 1. The brittleness 
transition temperatures of the resulting sheets were measured to evaluate the brittle resistance to 
secondary processing. The results are shown in Fig. 1. Fig. 1 demonstrates that sufficient toughness 
can be obtained by adjusting the average crystal grain diameter to 40 um or less and the average 
surface roughness Ra to 0.3 um or less. 
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